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In recent years, the number of hand, foot, and mouth disease (HFMD) cases in China has continued
to grow, and the disease has become a serious public health issue. Xinjiang Uygur Autonomous
Region is located in the arid areas of Northwest China, where the epidemiological trend of HFMD
is gradually increasing and characterized by geographical heterogeneity. In this study, based on
the HFMD case data in all counties and cities in Xinjiang, we employed statistical and GIS spatial
analyses, and geographic probe models to characterize the spatiotemporal differentiation of HFMD
epidemics in Xinjiang during the period of 2009–2018, and quantitatively analyzed the factors
inﬂuencing the spatial differentiation of HFMD epidemics. The results showed that HFMD incidence rate in Xinjiang had non-stationary temporal characteristics on the interannual and monthly
scales, and the monthly variation characteristics of HFMD epidemic were quite different in
southern and northern Xinjiang. The spatial distribution characteristics of HFMD epidemics
showed a north–south spatial differentiation pattern with the Tianshan Mountains as the
boundary; cold spot and hot spot of HFMD epidemics in Xinjiang have shifted from scattered to
concentrated, and the spatial differentiation pattern had gradually stabilized. Moreover, the
dominant factors inﬂuencing the spatial differentiation of HFMD epidemics in Xinjiang were socioeconomic factors, such as per capita GDP and urbanization rate, while the basic factors affecting
its spatial differentiation were natural environmental factors. The spatial differentiation and
evolution patterns of HFMD epidemics differed between northern and southern Xinjiang. Specifically, the leading role of socioeconomic factors is more obvious in southern Xinjiang than in
northern Xinjiang, while natural environmental factors (e.g., dryness and relative humidity)
contribute to the prevalence of HFMD epidemics in northern Xinjiang, and the perturbing effect of
these factors was more prominent than other factors. The results of this study can provide a scientiﬁc basis for the prevention of HFMD epidemics and early warning of HFMD epidemics in
Xinjiang.

1. Introduction
Hand, foot, and mouth disease (HFMD) is a common infectious disease in children caused by viruses such as EV71 and CoxA16
(National Health Commission of the People’s Republic of China, 2018). Since the 1960s, HFMD has had several outbreaks or epidemics
worldwide with increasing sizes and frequencies (Wu et al., 2016). The Asia-Paciﬁc region is one of the major epidemic regions on the
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Earth, and in recent years, HFMD outbreaks have been frequent in Asian countries, such as Vietnam, Thailand, Singapore, Malaysia, and
China (J.F Wang et al., 2011; Xing et al., 2014). China is a country with the high incidence of HFMD. Since the ﬁrst appearance of the
disease in the 1950s, HFMD has been reported in various provinces, municipalities, and autonomous regions across the country, and
HFMD was included as a statutory infectious disease for management in China in May 2008 (Niu, 2012; Mao et al., 2016). In recent
years, the number of HFMD cases in China has exhibited a continuous growth trend, and HFMD has become an important public health
problem in China.
In terms of existing research, early studies on HFMD mainly focused on the topics of etiology, clinical diagnosis and treatment, and
epidemiology, while few studies concentrated on the geographical environmental impacts or spatial differentiation patterns of HFMD
incidence. However, in recent years, after the ﬁrst study on the relationship between HFMD and meteorological factors in China (Xu and
Li, 2010), there has been an increasing number of reports in the related literature, and those references mainly explored the complex
interactions between HFMD and meteorological factors such as temperature (Stanaway, 2013; Chen et al., 2014), relative humidity
(Onozuka and Hashizume, 2011; Xu et al., 2019a), air pressure (Qi et al., 2020), wind speed (Li, 2020), rainfall (Nguyen et al., 2019;
Liao et al., 2015), and sunshine hours (Wang et al., 2015). Moreover, studies have found a correlation between the prevalence of HFMD
and these meteorological factors, and some researches have also delved into the short-term effects and time lags of factors such as
temperature. Related studies have also reported the correlations between HFMD and inﬂuencing factors such as physical geography
(e.g., land cover type and Normalized Difference Vegetation Index (NDVI) (Wang et al., 2011)) and socioeconomic environment (e.g.,
population density (Cao et al., 2012), gross regional product (Liao et al., 2016; Xu et al., 2019b), and the number of factories (Zhang,
2018)). However, in the different study areas considered, the inﬂuencing factors were highly variable, leading to inconsistent results.
Therefore, it is necessary to explore the role of these inﬂuencing factors on HFMD in different geographical spaces to fully discuss the
pathogenic mechanisms of these factors. In terms of the research methods of these studies, spatial epidemiological methods, mainly GIS
spatial analysis visualization and data mining methods, have been widely used (Bie et al., 2010), and signiﬁcant results have been
achieved in the analyses of the spatiotemporal distribution characteristics and the inﬂuencing factors of HFMD using geographically
weighted regression (GWR) (Hu et al., 2012), geographic probe (Wang et al., 2019), and Bayesian spatiotemporal models (Song et al.,
2019). As for the study areas, most of the references on HFMD have been conducted at the national (Xie et al., 2021) or regional scales,
and the majority of the regional scale studies were conducted in the monsoon of eastern, central, and southern China (Li et al., 2014; J.Q.
Liao et al., 2016; Hong et al., 2018). However, studies on HFMD in the arid areas of Northwest China are relatively rare, with only a few
recent researches, and most of these studies were conducted at the provincial scale (Huang et al., 2021; Xie et al., 2021). Additionally,
many studies discussed the meteorological and socioeconomic factors, while few studies have addressed the complex interrelationships

Fig. 1. Overview of the study area. Note that the ﬁgure is based on the standard map (新S(2021)047) of the Map Service System (https://xinjiang.
tianditu.gov.cn/main/bzdt.html) marked by the Xinjiang Uygur Autonomous Region Platform for Common Geospatial Information Services, and the
standard map has not been modiﬁed. I, Bayingol Mongolian Autonomous Prefecture; II, Hotan Prefecture; III, Kashgar Prefecture; IV, Hami Prefecture; V, Turpan City; VI, Aksu Prefecture; VII, Kizilsu Kirgiz Autonomous Prefecture; VIII, Ili Kazak Autonomous Prefecture; IX, Changji Hui
Autonomous Prefecture; X, Bortala Mongolian Autonomous Prefecture; XI, Karamay City; XII, Tacheng Prefecture; XIII, Altay Prefecture.
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among integrated inﬂuencing factors and explored the spatial differentiations of HFMD at the regional scale.
The number of HFMD cases in Xinjiang Uygur Autonomous Region (hereinafter referred to as “Xinjiang”) of Northwest China has
exhibited a ﬂuctuating growth trend in the past decade, with obvious spatial differentiation characteristics, and the spatial differentiation pattern of the disease epidemic has not been well explored previously. HFMD has become an important public health problem
affecting the health of vulnerable populations in the region, and few studies have explored problems related to HFMD in Xinjiang.
Therefore, this paper took all counties and cities in Xinjiang as the research units and used statistical and GIS spatial analyses to portray
the spatiotemporal variation characteristics and evolution patterns of HFMD epidemic in each research unit during the period of
2009–2018. Moreover, the evolution pattern of HFMD was explored, and a geographic probe model and a GWR model were used to
identify the factors that inﬂuence the spatial differentiations of HFMD epidemic in Xinjiang at different spatial scales. The spatially
variable factors that inﬂuenced HFMD epidemic in Xinjiang were identiﬁed, and the corresponding pathogenic mechanism was
inductively assessed. Speciﬁcally, this paper attempted to answer the following two questions:
(1) What are the characteristics of the spatiotemporal distributions of HFMD epidemics in Xinjiang at different spatiotemporal scales,
and what are the change patterns?
(2) What are the patterns of spatial differentiation in the factors inﬂuencing HFMD epidemics in Xinjiang, and what is the inﬂuencing
mechanism?
By answering these questions, we aim to provide a theoretical reference and scientiﬁc basis for the prevention and control of HFMD
and the formulation of public health policies in Xinjiang.
2. Materials and methods
2.1. Study area
This study considers all counties and cities in Xinjiang as the target area, i.e., the whole Xinjiang (Fig. 1). Xinjiang is located in an arid
climate zone in Northwest China; it has a temperate continental climate with warm temperate and an arid temperate continental climate
in the north and south areas of the Tianshan Mountains, respectively. Xinjiang is located in the core hub of the Silk Road Economic Belt,
but it is an economically underdeveloped region. Its territory is vast, and obvious differences exist in the resources and environmental
endowments, socioeconomic development levels, and spatial distributions of the populations among all counties and cities.
2.2. Data collection
2.2.1. Hand, foot, and mouth disease (HFMD) data
The data on the incidence of HFMD in all counties and cities in Xinjiang from 2009 to 2018 used in this study were obtained from the
Chinese Center for Disease Control and Prevention (http://www. chinacdc.cn/). In this study, the interannual incidence data of HFMD
in all counties and cities in Xinjiang from 2009 to 2018 were used for the spatiotemporal characteristic analysis, and four time points
that encompassed both low-incidence years (2009 and 2015) and high-incidence years (2012 and 2018) were selected.
2.2.2. Inﬂuencing factor data
The socioeconomic data from 2009 to 2018 were obtained from the Xinjiang Statistical Yearbook (Statistical Bureau of Xinjiang
Uygur Autonomous Region, 2010–2019). Meteorological data, including temperature, precipitation, sunshine hours, relative humidity,
and evaporation, were obtained from the China Meteorological Data Network (http://data.cma.cn/) and processed using the Kriging
spatial interpolation and zonal statistics. The urban construction land data include the built-up areas and residential and industrial land
areas as reported in the Xinjiang Urban and Rural Construction Statistical Yearbook (Department of Housing and Construction of
Xinjiang Uygur Autonomous Region, 2010).
2.2.3. Variable selection basis
Pathogens, transmission routes, susceptible populations, and the geographic and socioeconomic environments in which humans live
are closely related to the prevalence of infectious diseases (Zhang, 2019; Gong et al., 2020). Therefore, analyzing the spatial correlations
between the disease and its inﬂuencing factors can, to a certain extent, reveal the spatial differentiation pattern and the inﬂuencing
mechanism of the disease. In this paper, we selected the disease-causing environmental factors from the above four aspects and referred
to relevant previous studies (Zhang, 2019; Gong et al., 2020; Xie et al., 2021). The environmental factors deﬁned in this paper include
variables in the natural environment, socioeconomic environment, and spatial carrier environment, which are necessary conditions for
human life and important factors for disease transmission. Humans are the hosts and epidemic subjects of HFMD virus, and socioeconomic environmental factors have a greater impact on the onset and transmission of HFMD than natural environmental factors or
spatial carrier environmental factors do; at the same time, the socioeconomic level of a region reﬂects the ability of the region to cope
with epidemic. Therefore, socioeconomic environmental factors including the population density (X1), birth rate (X2), urbanization rate
(X3), industrialization rate (X4), regional GDP (X5), and per capita GDP (X6) were selected for analysis in this paper. These factors can
explain the impact of socioeconomic environment on HFMD epidemics. In addition, HFMD pathogen is a virus, and the survival and
reproduction of this virus are highly dependent on the natural environment, mainly because the natural environment can provide the
living conditions required for viral propagation as well as its spread. Therefore, the temperature (X7), relative humidity (X8), sunshine
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hours (X9), precipitation (X10), and dryness (X11) were selected as natural environmental factors for analysis in this paper. These
factors can explain the inﬂuencing mechanism of natural environmental on HFMD epidemics from the perspectives of virus reproduction
and transmission routes. Furthermore, spatial carrier environmental factors can reﬂect the information of regional habitat environment
and risky environmental exposure, and these factors also have some inﬂuence on the occurrence and spread of HFMD. In this paper,
spatial carrier factors including the per capita residential land area (X12) and per capita industrial land area (X13) were selected for
analysis. Ultimately, X3–X13 were selected to enter the model analysis in this study as candidates for elucidating the mechanism of the
spatial vector inﬂuence on HFMD epidemics.

2.3. Research methodology
This study analyzed the overall numerical characteristics of HFMD in Xinjiang using statistical analyses, such as Pearson correlation
analysis and descriptive statistical analysis methods. Additionally, to elucidate the inﬂuencing mechanism of the spatial differentiations
of HFMD epidemic, this paper explored the inﬂuence degree and interaction mode of each factor in northern and southern Xinjiang, as
well as the whole Xinjiang, and portrayed the local effect of the main inﬂuencing factors and their changes by using the GWR model.
2.3.1. Statistical analysis method
In this study, HFMD case data were summarized and analyzed descriptively on spatiotemporal scales using statistical analyses.
Pearson correlation analysis method can be used to measure the degree of linear correlation between two sets of variables; in this study,
this method was used to analyze the statistical correlation between the incidence of HFMD in Xinjiang and its corresponding spatial
clustering. The utilized mathematical expression is as follows:
Pn
i¼1 ðxi  xÞðyi  yÞ
r ¼ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
;
2
Pn
2 Pn
i¼1 ðxi  xÞ
i¼1 ðyi  yÞ

(1)

where r is the correlation coefﬁcient, ranging from 1 to 1; xi and yi are the interannual incidence rate and incidence rate of spatial
clustering, respectively; x and y are the average values of x and y, respectively; and i is the number of times (i¼1, 2, …, n). The closer the
r is to 1, the higher the positive correlation is between the two variables; the closer the r is to 1, the higher the negative correlation is
between the two variables; and if r is very close to 0, it indicates that no linear correlation exists between the two variables.
2.3.2. Exploratory spatial data analysis methods
The crux of exploratory spatial data analyses is to measure the spatial correlations among geographic elements; these correlations
can usually be divided into global and local spatial autocorrelations. The global Moran's I statistic can effectively measure the correlations among spatially distributed observations and can reﬂect the spatial clustering degree of morbidity data (Xie et al., 2021a).
Therefore, this method was used in this paper to analyze the spatial correlation of the incidence of HFMD in all counties and cities in
Xinjiang from 2009 to 2018. Moran's I statistic (I) is given by the following formula:
Pn Pn
I¼

u¼1

j¼1 Wuj ðbu  bÞðbj
Pn Pn
u¼1
j¼1 Wuj

s2

 bÞ
;

(2)

where bu and bj are the observed HFMD incidence rates for spatial units u and j, respectively; u and j refer to two adjacent spatial units of
the study area; n is the number of all counties and cities in Xinjiang; b and s2 are the mean and standard deviation of observation b,
respectively; and Wuj is the spatial weight matrix constructed based on the proximity criterion.
The local Getis-Ord G* I value is used to identify spatial clusters with statistically signiﬁcant local high or low values (Yang et al.,
2018); this index can effectively ﬁnd the distribution of observations over local spatial regions with cold spots and hot spots. Therefore,
this method was used in this paper to detect the spatial distribution of incidence rate in cold spots and hot spots:
Pn
j¼1 wij xj
G*I ¼ Pn
;
j¼1 xj

(3)

where wij is the spatial weight deﬁned by the distance rule; and xj is the HFMD incidence in region j.
2.3.3. Geographic probe model
Geographic probes are a set of statistical methods proposed by Wang et al. (2010, 2016) to measure the spatial differentiation of
geographical objects and to reveal the driving forces behind these differentiations. The theoretical core of a geographic probe is to detect
the spatial distribution pattern consistency between diseases and environmental factors through geographic partitioning; thus, this
method can be used to study the relationships between diseases and environmental factors (Li et al., 2019). This method has been
applied as an important tool for detecting the causes and mechanisms of the observed spatial patterns of geographic elements in studies
related to socioeconomic environment, ecological environment, and human health (Wang and Xu, 2017). The greatest advantage of this
method is that it does not require extensive assumptions and is immune to multifactorial covariance, effectively overcoming the limitations of traditional statistical analysis methods dealing with type variables and multiple covariance, enabling its wider applicability.
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This paper introduced the factor detection and interaction detection of the geographic probe model to reveal the factors that inﬂuence
the spatial differentiation of HFMD in Xinjiang:
q¼1 

1 XL
Nh σ h 2 ;
N σ 2 h¼1

(4)

where q is an indicator of the detection power of factors that inﬂuence the spatial differentiation of HFMD incidence in the study area; h
is the stratiﬁcation of a variable (h¼1, 2, …, L), i.e., the classiﬁcation or partition; N is the number of sample cells in the whole region; Nh
is the number of cells in stratum h; and σ 2h and σ 2 are the variances in the dependent variable values in stratum h and the whole region,
respectively. The term q ranges from 0 to 1, and q¼0 indicates that HFMD incidence is randomly distributed in the study area, while a
larger q value indicates that the inﬂuence of zonal factors on HFMD incidence is greater and tits spatial heterogeneity is more
pronounced.
2.3.4. Geographically weighted regression (GWR) model
The GWR model is a typical local model that combines spatial correlation and linear regression, extending the ordinary linear
regression model. It has certain advantages over traditional models, such as ordinary least squares (OLS), because it supports parameter
estimation of local changes in the association between independent and dependent variables, so that the relationship between variables
can change with geographic location and can reﬂect the neglected local characteristics. In this paper, we applied a GWR model to
explore the spatial heterogeneity characteristics of the factors inﬂuencing the incidence of HFMD in Xinjiang. The model expression is as
follows:
yi ¼ β0 ðui ; vi Þ þ

Xp

β ðui ; vi Þxik
k¼1 k

þ εi ;

(5)

where (ui, vi) is the coordinate of the ith sampling point; βk(ui, vi) is the kth regression parameter on the ith sampling point, which is the
geographic location function; εi is the random error of the ith sampling point, which satisﬁes the basic assumptions of zero mean,
homoskedasticity, and mutual independence; β0 is the intercept; Xik is the independent variable at the ith sampling point; k is the number
of independent variables; and p is the number of regression parameters. In this paper, the Gauss function method was chosen as the
weighting function, and the optimal bandwidth was selected using the Akaike information criterion (AIC), i.e., the bandwidth corresponding to the smallest value of AIC is the optimal bandwidth in the model (Gong et al., 2020).
3. Results
3.1. Spatiotemporal characteristics of HFMD epidemics in Xinjiang
3.1.1. Multi-scale time series characteristics of HFMD incidence rate in Xinjiang
The variation characteristics of HFMD incidence rate in Xinjiang at multi-scale time scales can be found in Figs. 2 and 3. The overall
number and incidence rate of HFMD cases in Xinjiang showed a ﬂuctuating upward trend from 2009 to 2018 (Fig. 2a), alternating
between ﬂat- and high-incidence years, with the incidence rate rising from 2.97104 to 4.41104 and the number of cases rising from
6441 to 10,943 during the period of 2009–2018. It is worth noting that HFMD incidence rate declined rapidly in 2017, probably due to
some antibodies introduced with the launch of preventive vaccines for HFMD, which led to a rapid decline in HFMD incidence rate. The
box plot analysis results (Fig. 2b) showed that HFMD incidence rates in Xinjiang were mostly low or even close to zero during the period

Fig. 2. Interannual variation (a) and box plot analysis (b) of hand, foot, and mouth disease (HFMD) incidence rate in Xinjiang from 2009 to 2018.
IQR, inter quartile range.
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Fig. 3. Monthly variation (a) and box plot analysis (b) of HFMD incidence rate in Xinjiang from 2009 to 2018.

of 2009–2018, but high-value outlier points could still be observed beyond the upper whisker line denoting 1.5 inter quartile range
(IQR) (the interquartile extreme difference) in each year, and the interannual variation in HFMD incidence rate dispersion exhibited a
ﬂuctuating trend corresponding to these box plot changes. On the monthly scale, the analysis of HFMD incidence rate from 2009 to 2018
(Fig. 3a) revealed that the variation of HFMD incidence rate exhibited non-stationary characteristics and obvious seasonal features. The
monthly growth trend of HFMD incidence rate showed that the incidence rate was extremely low from January to March, peaked in
April–June, declined rapidly in July–September, and was unstable in October–December, with subpeak incidence rates observed in
some years. The HFMD incidence rate developed from a previous single-peak pattern to a double-peak pattern, and the secondary peak
was found to be increasingly signiﬁcant annually. The box plot analysis results (Fig. 3b) showed that the discrete degree trend of the
monthly incidence rate of HFMD in Xinjiang during the period of 2009–2018 exhibited obvious seasonal characteristics, with the most
signiﬁcant differences occurring from May to July.
3.1.2. Multiscale time-series characteristics of HFMD epidemics in northern and southern Xinjiang
Comparing and analyzing the time series changes and numerical distribution characteristics of HFMD between northern and southern
Xinjiang from 2009 to 2018 revealed the differences of the multi-scale time series of HFMD in northern and southern Xinjiang. As shown in
Fig. 4a and b, the interannual variation trends of HFMD in northern and southern Xinjiang were basically the same, with an overall upwardﬂuctuating trend. However, the oscillating trend observed in northern Xinjiang was more drastic than that in southern Xinjiang, and HFMD
incidence rate in northern Xinjiang was also several times higher than that in southern Xinjiang. The box plot analysis results (Fig. 4c)
showed that the differences of HFMD incidence rate among counties and cities in northern Xinjiang were larger than those in southern
Xinjiang. Moreover, the box plot analysis results (Fig. 4d) indicated that the monthly variation of HFMD in northern Xinjiang during the
period of 2009–2018 was large, especially in the months from May to July, while the monthly variation of HFMD in southern Xinjiang was
small. The monthly variation characteristics of HFMD in northern and southern Xinjiang were also obvious, but the bimodal characteristics
of HFMD in northern Xinjiang were more obvious than those in southern Xinjiang, and the bimodal characteristics of HFMD in southern
Xinjiang have intensiﬁed in recent years (Fig. 4e and f). The above annual and monthly differences of HFMD incidence rate in northern and
southern Xinjiang may have been associated with the spatial differentiation of geographical factors such as climatic environmental factors
and demographic and socioeconomic differences between northern and southern Xinjiang.
3.1.3. Spatial clustering and spatiotemporal distribution characteristics of HFMD epidemics in Xinjiang
As shown in Fig. 5a, the incidence rate and spatial clustering of HFMD in Xinjiang exhibited ﬂuctuating trends during the period of
2009–2018. It showed an anisotropic ﬂuctuations from 2009 to 2012, i.e., the incidence rate decreased (increased) as the spatial
clustering increased (decreased). The association characteristics of incidence rate and spatial clustering of HFMD had four patterns: low
incidence rate–high spatial clustering, high incidence rate–high spatial clustering, low incidence rate–low spatial clustering, and high
incidence rate–low spatial clustering. The epidemic dispersal patterns varied. Speciﬁcally, high incidence rate–high spatial clustering
indicated that the epidemic was agglomerative, while low incidence rate–low spatial clustering implied that the epidemic was discrete
dispersal. In turn, we summarized the spatial dispersal characteristics of HFMD in Xinjiang into four patterns based on the four association characteristics described above: low-value clustering dispersal, high-value clustering dispersal, low-value discrete dispersal, and
high-value discrete dispersal. The correlation coefﬁcient between incidence rate and spatial clustering of HFMD was 0.80 at the 0.05
signiﬁcance level, and these factors were signiﬁcantly positively correlated (Fig. 5b). This statistical correlation coefﬁcient may reﬂect
the existence of a positive inﬂuencing relationship between incidence rate and spatial clustering of HFMD, and the spatial clustering of
HFMD may be caused by the related inﬂuencing factors; therefore, exploring the spatial correlations between pathogenic inﬂuencing
factors and HFMD can provide insight into the spatial differentiation and inﬂuencing mechanisms of HFMD.
In this paper, based on the HFMD incidence data from 2009 to 2018 in Xinjiang, we divided the HFMD epidemics into ﬁve levels
according to the natural breakpoint method results: non endemic, low endemic, lower endemic, higher endemic, and high endemic. The
spatial distribution characteristics of these epidemic levels were analyzed (Fig. 6), and the cold spots and hot spots of HFMD epidemics
213
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Fig. 4. Interannual variation of HFMD from 2009 to 2018 in northern (a) and southern (b) Xinjiang; the box plot analysis of the interannual (c) and
monthly (d) variations of HFMD from 2009 to 2018 in northern and southern Xinjiang; and monthly variation of HFMD from 2009 to 2018 in
northern (e) and southern (f) Xinjiang.

were detected (Fig. 7). The HFMD epidemics showed signiﬁcant spatial differentiation characteristics, i.e., low in the south and high in
the north, which was roughly bounded by the Tianshan Mountains (Fig. 6). The counties and cities with high HFMD epidemic levels in
northern Xinjiang were mainly located in the urban cluster on the northern slope of the Tianshan Mountains, such as Bortala Mongolian
Autonomous Prefecture, Altay Prefecture, Turpan City, Yiwu County, and Barkol Kazak Autonomous County; the counties and cities
with high HFMD epidemic levels in southern Xinjiang were mainly located in Luntai County, Wensu County, Ruoqiang County, and Alar
City on the southern slope of the Tianshan Mountains; while the rest of the counties and cities had a low or zero risk of HFMD incidence.
The results of the cold spot and hot spot incidence detection (Fig. 7) showed that most of the local hot spots of HFMD epidemic in
Xinjiang during the period of 2009–2018 were distributed in the northern border area, with more signiﬁcant hot spots occurring in
individual counties and cities in the southern border area, while most of the local cold spots of HFMD epidemic were found in the
southwestern counties and cities of the southern border area, with few occurrence distributions in the Ili Kazak Autonomous Prefecture
and Altay Prefecture near the northern border area. These results further showed that HFMD epidemics in Xinjiang had signiﬁcant
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Fig. 5. Interannual variation (a) and correlation analysis (b) of the incidence rate and spatial clustering of HFMD in Xinjiang from 2009 to 2018.

Fig. 6. Spatial distribution of HFMD epidemic levels in Xinjiang from 2009 to 2018 (a–j).

spatial differentiation, increasing from the south to the north. The geographical evolution process indicated that the cold spots and hot
spots of HFMD epidemic tended to be concentrated and ﬁxed from scattered distribution, and the spatial differentiation pattern
gradually stabilized.
3.2. Factors inﬂuencing the spatial differentiation of HFMD epidemics in Xinjiang
3.2.1. Single factor and interaction factors inﬂuencing the spatial differentiation of HFMD epidemics in Xinjiang
The factors among the explanatory power q values inﬂuencing the spatial differentiation of HFMD epidemics in Xinjiang in the four
selected years (2009, 2012, 2015, and 2018) were calculated using the geographic probe model (Table 1), and the main factors were
screened for analysis. The top-ranked inﬂuencing factors in the four selected years were the regional GDP in 2009 (q¼0.26), per capita
GDP in 2012 and 2015 (q¼0.36 and 0.32, respectively), and relative humidity in 2018 (q¼0.32); moreover, three-quarters of the socioeconomic factors and two-thirds of the natural environmental factors had q values higher than 0.10 in the four selected years. In
terms of the explanatory power of the analyzed inﬂuencing factors, socioeconomic factors were the dominant factors affecting the
spatial differentiation of HFMD epidemics in Xinjiang. However, natural environmental factors such as temperature, precipitation,
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Fig. 7. Spatial distribution of cold spots and hot spots of HFMD epidemics in Xinjiang from 2009 to 2018 (a–j).

Table 1
Detection results of factors inﬂuencing HFMD epidemics in Xinjiang in 2009, 2012, 2015, and 2018.
2009

2012

2015

2018

Inﬂuencing factor ranking

q value

Inﬂuencing factor ranking

q value

Inﬂuencing factor ranking

q value

Inﬂuencing factor ranking

q value

X5
X11
X13
X3
X10
X6
X7

0.26
0.13
0.13
0.12
0.11
0.10
0.10

X6
X11
X5
X3
X9
X13
X10

0.36
0.30
0.27
0.17
0.16
0.11
0.10

X6
X12
X7
X3
X10
X5
X8

0.32
0.22
0.15
0.14
0.12
0.10
0.10

X8
X7
X10
X3
X6
X5
X11

0.32
0.26
0.22
0.22
0.20
0.17
0.16

2009
Interaction factors

q value

2012
Interaction factors

q value

2015
Interaction factors

q value

2018
Interaction factors

q value

X3\X5
X3\X13
X9\X13
X5\X8
X10\X13
X4\X5
X5\X13#

0.75
0.71
0.61
0.55
0.54
0.52
0.55

X6\X8#
X5\X11
X6\X11#
X4\X8
X2\X11
X5\X8
X6\X7

0.67
0.64
0.62
0.58
0.57
0.57
0.57

X6\X10
X3\X6
X3\X10
X11\X12
X4\X6
X9\X10#
X7\X12

0.73
0.66
0.62
0.60
0.58
0.57
0.54

X8\X12
X10\X12
X4\X7
X2\X10
X8\X10
X2\X12
X8\X3

0.69
0.67
0.57
0.57
0.56
0.54
0.54

Note: The factor detection results are all signiﬁcant at the 1% level, and those marked with # indicate that the interaction is two-factor-enhanced, while
the rest of the interactions are nonlinearly enhanced. X1, population density; X2, birth rate; X3, urbanization rate; X4, industrialization rate; X5,
regional GDP; X6, per capita GDP; X7, temperature; X8, relative humidity; X9, sunshine hours; X10, precipitation; X11, dryness; X12, per capita
residential land area; X13, per capita industrial land area.

sunshine hours, and relative humidity were the underlying factors affecting the spatial differentiation of HFMD epidemics in Xinjiang,
providing suitable conditions for the reproduction and transmission of the associated viruses. Notably, the q values of the dryness
showed a cyclical increasing–decreasing pattern, indicating that dryness has a certain inﬂuence on the spatial differentiation of HFMD
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epidemics in Xinjiang, although this factor was associated with some uncertainty. In addition, the q value of a single inﬂuencing factor
with q value less than 0.10 was signiﬁcantly increased through interaction, although these factors inﬂuenced the spatial differentiation
of HFMD epidemics in Xinjiang to a lesser extent.
The prevalence of HFMD is the result of the interaction of many factors. The interaction analysis results showed that the interactions
among all factors were enhanced (including through two-factor and nonlinear enhancement), and the explanatory powers of the twofactor interactions were all greater than those of the single factor of HFMD epidemics, indicating that the spatial differentiation of HFMD
epidemics in Xinjiang is the results of the comprehensive effect of multiple factors. From the results of the interaction (Table 1), 76% of
the two-factor interactions analyzed in the four selected years were coupled between socioeconomic and natural environmental factors,
and the q values of the top-ranked paired factors urbanization rate and regional GDP (q¼0.75), per capita GDP and relative humidity
(q¼0.67), GDP per capita and precipitation (q¼0.73), and relative humidity and per capita residential land area (q¼0.69) were
signiﬁcantly higher than their individual q values; additionally, among them, the two-factor pairs per capita GDP and precipitation
(q¼0.73) and relative humidity and residential land area per capita (q¼0.69) were signiﬁcantly higher than the q values obtained for the
interactions between other socioeconomic and natural environmental factors, indicating that the inﬂuence of the interactions between
socioeconomic and natural environmental factors on the spatial differentiation of HFMD epidemics in the study area was signiﬁcant, and
this interaction became increasingly obvious with the coupling evolution of the factors. The q values of the interactions among socioeconomic factors were signiﬁcantly higher than those of each single factor, further validating the dominant role of socioeconomic
factors in the spatial differentiation of HFMD epidemics. In addition, the q values of the interactions among natural environmental
factors were also signiﬁcantly higher than those of the single factor, implying that natural environmental factors enhanced their underlying role in the spatial differentiation of HFMD epidemics in Xinjiang during their interactions.
3.2.2. Factors inﬂuencing the spatial differentiation of HFMD epidemics between northern and southern Xinjiang
In this paper, we further analyzed the inﬂuencing factors and coupled evolution patterns of the spatial differentiation of HFMD
epidemics in northern and southern Xinjiang, as shown in Fig. 8. The detection results showed that the top-ranked q values of each
inﬂuencing factor in northern Xinjiang from 2009 to 2018 were the regional GDP (q¼0.34), dryness (q¼0.34), relative humidity
(q¼0.39), and per capita residential land area (q¼0.22) (Fig. 8a), with high q values obtained for both socioeconomic and natural
environmental factors. The effect of socioeconomic factors on the spatial differentiation of HFMD epidemics in northern Xinjiang was
more pronounced in 2009 and 2018, but the explanatory power of individual factors on the spatial differentiation of HFMD epidemics in
northern Xinjiang was gradually weakening. The role of natural environmental factors on the spatial differentiation of HFMD epidemics
in northern Xinjiang was greater in 2012 and 2015 than in other years, and the explanatory power of natural environmental factors was
increasing, indicating that the fundamental role of these factors was strengthening. The explanatory power of dryness (q¼0.34) in 2012
and relative humidity (q¼0.39) in 2015 jumped to the ﬁrst place, indicating that natural environmental factors such as dryness and
relative humidity may show a perturbing effect on HFMD epidemics in northern Xinjiang, increasing the uncertainties associated with
these epidemics. The detection results showed that the top-ranked q values obtained for the explanatory power of each inﬂuencing factor
in southern Xinjiang from 2009 to 2018 were the urbanization rate (q¼0.11), per capita GDP (q¼0.50), precipitation (q¼0.31), and per
capita industrial land area (q¼0.47). Further, higher q values were mostly attributed to socioeconomic factors and spatial carrier factors,
indicating that the dominant roles of socioeconomic factors on the spatial differentiation of HFMD epidemics in southern Xinjiang were
more obvious than the roles of other inﬂuencing factors (Fig. 8b). While the q values of natural environmental factors such as precipitation and relative humidity showed increasing trends, precipitation (q¼0.31) jumped to the second-highest q value among the
inﬂuencing factors in 2015, implying that the inﬂuencing degree of natural environmental factors was increasing, especially for
precipitation.

Fig. 8. Detection results and evolution characteristics of factors inﬂuencing HFMD epidemics in northern (a) and southern (b) Xinjiang in 2009,
2012, 2015, and 2018. X1, population density; X2, birth rate; X3, urbanization rate; X4, industrialization rate; X5, regional GDP; X6, per capita GDP;
X7, temperature; X8, relative humidity; X9, sunshine hours; X10, precipitation; X11, dryness; X12, per capita residential land area; X13, per capita
industrial land area.
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Table 2
Detection results of factors inﬂuencing HFMD epidemics in northern and southern Xinjiang in 2009, 2012, 2015, and 2018.
2009

2012

Northern Xinjiang

Southern Xinjiang

Northern Xinjiang

Southern Xinjiang

Interaction factor

q value

Interaction factor

q value

Interaction factor

q value

Interaction factor

q value

X5\X3
X13\X3
X13\X4
X8\X5
X13\X10
X5\X4

0.76
0.71
0.55
0.55
0.54
0.52

X9\X4
X9\X4
X11\X3
X4\X3
X9\X3
X11\X4

0.57
0.57
0.45
0.44
0.43
0.42

X11\X5
X8\X5
X8\X6
X8\X4
X11\X6#
X12\X7

0.85
0.78
0.74
0.69
0.66
0.64

X7\X6
X11\X4
X12\X6
X12\X9
X6\X4
X6\X3

0.95
0.68
0.67
0.66
0.64
0.64

2015
Northern Xinjiang
Interaction factor

q value

Southern Xinjiang
Interaction factor

q value

2018
Northern Xinjiang
Interaction factor

q value

Southern Xinjiang
Interaction factor

q value

X12\X7
X12\X6
X10\X6
X10\X2
X9\X6
X10\X7

0.72
0.81
0.75
0.73
0.71
0.71

X12\X7
X8\X4
X10\X9#
X12\X4
X10\X6
X6\X3

0.72
0.71
0.71
0.70
0.68
0.63

X11\X13
X9\X13
X12\X13
X13\X14
X6\X13
X5\X13

0.71
0.61
0.61
0.59
0.59
0.58

X4\X6
X4\X14
X3\X12
X3\X10
X11\X12
X12\X14

0.90
0.88
0.87
0.86
0.86
0.84

Note: The factor detection results are all signiﬁcant at the 1% level, and those marked with # indicate that the interaction is two-factor-enhanced, while
the rest of the interactions are nonlinearly enhanced.

The interaction detection results (Table 2) showed that the ﬁrst two factors in the q value ranking in northern and southern Xinjiang
from 2009 to 2018 gradually evolved from a single socioeconomic factor to a coupling of natural environmental and socioeconomic
factors, indicating that the evolution process of the factors that inﬂuenced the spatial differentiation of HFMD epidemics in the study
area from 2009 to 2018 involved a coupling of socioeconomic and natural environmental factors with increasing synergistic effects.
Moreover, the results showed that HFMD epidemics in Xinjiang had signiﬁcant spatial differentiation, and the differences in the
mechanisms and evolution patterns of the spatial differentiation of HFMD epidemics between northern and southern Xinjiang were
obvious. Socioeconomic factors played a dominant role in the spatial differentiation of HFMD epidemics in northern and southern
Xinjiang, which were more pronounced in southern Xinjiang than in northern Xinjiang. Natural environmental factors played a
fundamental role in the spatial differentiation of HFMD epidemics between northern and southern Xinjiang, but their perturbing effects
on HFMD epidemics in northern Xinjiang were more prominent, and the mechanism affecting the spatial differentiation of HFMD
epidemics in northern Xinjiang was more complex and uncertain.
3.2.3. Spatial heterogeneity analysis of factors inﬂuencing HFMD epidemics in Xinjiang
A GWR model was used to analyze the spatial differentiation of factors inﬂuencing HFMD epidemics in Xinjiang (Fig. 9); the relevant
factors were standardized before using the GWR model, and the OLS model was used to diagnose the covariance of each explanatory
variable. To analyze the causes of spatial heterogeneity of HFMD in Xinjiang, we selected four inﬂuencing factors, namely, per capita
GDP, temperature, precipitation, and per capita industrial land area, according to the low-covariance principle and their obvious spatial
differentiation and high effective strength. The intensity of the inﬂuencing factors followed the order of per capita GDP > per capita
industrial land area > precipitation > temperature, indicating that the inﬂuencing intensity of socioeconomic factors was higher than
that of natural environment factors; however, there are spatially signiﬁcant differences in the regression coefﬁcients of the four
inﬂuencing factors, indicating that the spatial heterogeneity of the inﬂuences of socioeconomic and natural environment factors on
HFMD epidemics in Xinjiang was high, showing non-stationary characteristics. Among the evolution trends of the spatiotemporal
differentiation characteristics of the regression coefﬁcients of inﬂuencing factors, the spatial differentiation pattern of the regression
coefﬁcients of per capita GDP tended to be stable, forming a divergence pattern of low in the east and high in the west, and the spatial
differentiation in the intensity of this effect was found to be the largest among the analyzed inﬂuencing factors. The spatial variation of
the regression coefﬁcients of temperature tended to be non-stationary and gradually evolved from positive to negative, with large spatial
variation observed in the action intensity. The spatial variation of the regression coefﬁcients of precipitation showed an increasing trend
from the east to the west, and the action intensity increased in the positive direction, indicating that the sensitivity of HFMD epidemics
to precipitation gradually increased in western Xinjiang. From the northern border to the southern border, the non-stationary characteristics of the spatial differentiation pattern of the regression coefﬁcients of per capita industrial land area became more obvious, the
corresponding spatial variation was larger, and the positive effect area continuously expanded, indicating that HFMD epidemics in
Xinjiang were more sensitive to the per capita industrial land area than other factors and this sensitivity gradually shifted from the
northern border to the southern border.
The temporal trends of the local effects of the above four factors on HFMD epidemics showed that the overall variation in the time
series of the spatial heterogeneity of all inﬂuencing factors was large. Per capita GDP was more variable from 2009 to 2015, and the local
effect tended to be stable from 2015 to 2018; temperature was less variable during the period of 2009–2012 and more variable from
2015 to 2018; precipitation was stable from 2009 to 2015 and more variable in 2018, indicating that the effect of precipitation on HFMD
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Fig. 9. Spatial distribution of the regression coefﬁcients of dominant factors (per capita GDP, temperature, precipitation, and per capita industrial
land area) inﬂuencing HFMD epidemics in Xinjiang in 2009 (a, b, c, and d), 2012 (e, f, g, and h), 2015 (i, j, k, and l), and 2018 (m, n, o, and p).

epidemics was more stable; and the local effect of per capita industrial land area was more stable during the period of 2009–2012 and
more variable during the period of 2015–2018.
4. Discussion
In this study, we explained the reasons for the observed spatial differentiation patterns of factors inﬂuencing HFMD epidemics in
Xinjiang in terms of both natural environmental and socioeconomic factors, and further analyzed the dominant factors inﬂuencing the
spatial differentiation patterns of HFMD epidemics in northern and southern Xinjiang.
In terms of the consistency of our ﬁndings, socioeconomic factors including GDP and urbanization rate and natural environmental
factors including temperature, sunshine hours, and precipitation have the greatest impacts on the spatial differentiation of HFMD
epidemics in Xinjiang, which is consistent with the ﬁndings of most previous studies (e.g., Qiu et al., 2017; Zhang et al., 2019).
Compared with natural environmental factors, socioeconomic factors can reﬂect the conditions of the pathogenic subject and the social
environment; the mechanisms by which the interactions among these factors affect disease occurrence are more complex than those of
other factors, adding uncertainty to the spread of epidemics. In the urbanization process, urbanization can facilitate or hinder the spread
of pathogens. The negative inﬂuence of urbanization is manifested by the gradual migration of large numbers of mobile populations to
cities and increasing numbers of people live around built-up urban areas and in urban‒rural transition zones, where the living environments are generally poorer, therefore, people are exposed to greater health risks (Alirol et al., 2011). It is worth noting that two
factors, per capita industrial land area and per capita residential land area, selected in this study can reﬂect urban habitat, and both
indicators have high q values from both global and local geographic probe model analysis, which may be a valuable ﬁnding.
Studies have shown that temperature is an important factor for the survival and reproduction of HFMD virus in vitro tests (Zhang
et al., 2020). The rising temperatures and increasing frequency of children's outdoor activities during the spring and summer seasons can
increase the possibility of HFMD epidemics among susceptible populations. In particular, the transition period from the Spring Festival
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to summer in northern Xinjiang has an increasing temperature and it is the season prone to infectious diseases. Notably, considering the
interannual variability observed in the dryness and relative humidity factors and their highly variable effect on HFMD epidemics, the
ways in which these factors inﬂuence HFMD epidemics may be manifested as perturbation effects. The higher the dryness value is, the
more impurities there are in the air, and the greater the possibility of viruses is to attach to these impurities and enter the body through
the respiratory tract (Lin et al., 2013). In addition, the temporal response patterns of HFMD epidemics and relative humidity in Xinjiang
obtained in this study are different from the results of most previous studies (e.g., Fan et al., 2020), suggesting that a more complex
process by which relative humidity inﬂuences the survival and spread of viruses may be at work (Yang et al., 2018). Therefore, future
in-depth research is needed.
The obvious spatial differentiation characteristic of HFMD epidemics in Xinjiang obtained in this study may have resulted from the
following reasons. First, the most areas of southern Xinjiang have stable climate and trivial geographical differences, while the most
areas of northern Xinjiang are climate change-sensitive region and have signiﬁcant differences in climate types (Li et al., 2018).
HFMD-associated viruses depend on hot and humid environments to a great extent. There is less rainfall in spring and summer in
southern Xinjiang, which is not conducive to the growth or reproduction of HFMD viruses, while temperature in northern Xinjiang
gradually increases in spring and summer along with precipitation, providing suitable conditions for the propagation of these viruses.
Related studies have shown that the climate in Xinjiang has been in a warm–dry and warm–humid transition in recent decades (Wang
et al., 2020), and in particular, the interannual growth rates of temperature and precipitation in northern Xinjiang are higher than those
in southern Xinjiang (Yao et al., 2022). This trend indirectly suggests that the present study can capture information on the perturbing
effects of natural environmental factors such as dryness and relative humidity on the epidemiology of HFMD in northern Xinjiang based
on spatiotemporal data from a macro perspective. Second, signiﬁcant differences in urbanization and socioeconomic development levels
exist between southern and northern Xinjiang. In southern Xinjiang, the socioeconomic conditions of counties and cities are relatively
underdeveloped, the urban environment is relatively good, a large agricultural population is distributed in the vast oasis countryside
(Shi et al., 2021), and only individual counties with large urban population have obvious characteristics of population concentration
(Yang et al., 2016); thus, the conditions in southern Xinjiang are not conducive to the large-scale spread of epidemics. However, the
socioeconomic development level of counties and cities in northern Xinjiang is relatively high, the environmental pollution is more
serious, and the population is large with obvious clustering characteristics (Yang et al., 2016). These conditions can easily cause the
large-scale spread of epidemics. In general, the understanding of the causes of HFMD epidemics in localized areas of Xinjiang is very
limited and needs to be further deepened in the future.
5. Conclusions
This study explored the spatiotemporal differentiation characteristics and evolution patterns of HFMD epidemics in Xinjiang from
2009 to 2018 and revealed the inﬂuential mechanisms of HFMD epidemics from the perspective of spatial differentiation. The results
showed that the seasonal characteristics of HFMD epidemics in Xinjiang were signiﬁcant and gradually tended to change from the
previous single-peak pattern to the double-peak pattern, which was more obvious in northern Xinjiang than in southern Xinjiang. The
spatial differentiation of HFMD epidemics in Xinjiang was signiﬁcant, i.e., low in the south and high in the north, which was roughly
bounded by the Tianshan Mountains. The cold spots and hot spots of HFMD epidemics tended to become concentrated and ﬁxed after an
initial scattered distribution, and the spatial differentiation pattern gradually stabilized, which had important implications for the
formulation of epidemic prevention policies.
From the results of the global geographic probe model, socioeconomic factors such as GDP and urbanization rate played a dominant role
in determining the spatial variation of HFMD epidemics in Xinjiang, and the degree of inﬂuence tended to increase. Moreover, natural
environmental factors such as temperature, sunshine hours, and precipitation were the basic factors inﬂuencing the spatial variation of
HFMD epidemics, while dryness and relative humidity may be perturbing factors and had an increasing inﬂuence on the spatial variation of
HFMD epidemics in northern Xinjiang. Further, this perturbation effect was generally more pronounced in spring and summer. These
initially screened inﬂuencing factors will provide useful references for subsequent more in-depth early warning of HFMD incidence.
According to the results of the local geographic probe model and GWR model, the mechanisms and evolution patterns of the spatial
differentiation of HFMD epidemics in northern and southern Xinjiang were different, and socioeconomic factors such as per capita GDP,
per capita industrial land area, and urbanization rate played a more prominent role in the epidemics of HFMD in southern Xinjiang. In
contrast, the spatial differentiation of HFMD epidemics in northern Xinjiang was inﬂuenced by both the dominant role of socioeconomic
factors and the perturbing role of natural environmental factors, and the inﬂuencing mechanism was more complex and uncertain.
Therefore, the local effects of these inﬂuencing factors on HFMD epidemics can be explored to more accurately understand the patterns
of HFMD epidemics and provide references for the formulation of accurate epidemic prevention policies. Finally, these ﬁndings can
provide valuable information for the prevention and control of HFMD epidemics in Xinjiang and more in-depth academic research in the
future.
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